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ABSTRACT 
An investigation of the impact of cutting parameters on surface finish for a discontinuous 
machining process, face milling, is reported herein. While several similar studies 
involving continuous machining operations, primarily turning, have been conducted, few 
studies have addressed discontinuous machining. In addition to considering controllable 
parameters, cutting speed, depth of cut, and feed rate, the impact of tool temperature was 
also incorporated. A two-stage experiment was conducted to consider both short-term and 
long-term effects as cumulative wear on the cutters progressively increased. As a result of 
this work the following conclusions were reached: (a) no relationship was evident 
between the temperature of the tool and surface roughness, (b) all controlled cutting 
parameters have an impact on surface roughness, (c) cutter-to-cutter differences were 
observed, and (d) the direction of measurement with the surface analyzer is significant. 
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CHAPTER 1 
INTRODUCTION 
 
Surface roughness is one of the major characteristics in metal cutting that is being tracked 
in machining processes. Roughness of the surface is commonly defined by having the 
average of the lowest and highest points within the measurement space. In metal cutting, 
where many different types of machines are being used, there are parameters that are 
present and directly affect the surface roughness. These cutting parameters can be 
grouped as in two groups: controlled and uncontrolled. In this study our goal is to find 
out the effectiveness of the controlled cutting parameters on surface roughness and also 
investigate whether the uncontrolled cutting parameters have a significant effect on 
surface roughness. 
Since the beginning of twentieth century a remarkable amount of attention was put into 
cutting processes. By continuous investigation of the cutting process, factors that affect 
the outcome of the process were determined, and then investigations focused in that 
direction. In general there are three major distinct parts of the cutting process: the 
machine, the cutting tool, and the workpiece material. Among these three parts, the 
cutting tool has its own importance in terms of cost and efficiency. Frederick Winslow 
Taylor, 1800’s, performed studies on cutting tools (Taylor, 1906). As a result of his 
studies on cutting tools, Taylor formulated the relationship between cutting speed and 
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tool life for different tools. The improvements he managed in tool efficiency and output 
by employing his formulations were remarkable. Due to cost considerations, more 
emphasis was placed on tool life. There are many variables that affect the tool life and 
therefore affect the surface roughness. (Lee et al., 1989) These factors are cutting 
conditions (cutting and feed speeds, depth of cut), tool geometry, cutting fluid (dry, oil 
etc.), workpiece material (hardness, composition etc.), tool material (high speed steel 
HSS), ceramic etc.), and those factors may influence tool life and surface roughness 
either independently or interrelatedly. (Chao and Hwang, 1995).  
A tool that no longer performs the desired function is said to have failed and therefore 
reached the end of its useful life. At that point of time, the tool is no longer capable of 
performing any type of cutting. The tool has to be either resharpened or replaced. There 
are ways to specify the tool life between resharpening and replacement; 
i. Actual cutting time to failure 
ii. Total time to failure-as in the case of an interrupted cutting process (e.g. 
milling) 
iii. Length of work cut to failure 
iv. Volume of metal removed 
v. Number of components produced to failure 
vi. Cutting speed for a given time to failure. (Armarego, Brown, 1969) 
Shaw (1984) discusses the relation between the surface roughness and cutting speed. To 
reduce the surface roughness, cutting speed will be increased and due to that elevation in 
the cutting speed, larger amount of heat is generated which wears down tool faster and 
amplifies the roughness of the surface. On the other hand, in face milling an increase in 
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cutting speed increases the frequency of tool edge entrance into work piece (increasing 
the number of shocks per minute) and also the energy of the shock between the cutting 
edge and the workpiece (Caldeirani,F.J., Diniz A.E., 2002). Those shocks are either 
thermal or mechanical. Under high cutting speeds, edges are exposed to high levels of 
thermal shock due to the high temperatures caused by the high speeds and the large 
temperature variation characteristic of milling. Under low cutting speeds, there is a 
possibility of a formation of mechanical cracks due to higher cutting forces and lower 
temperatures. Armarego and Brown (1969) presented Figure1.1 that contains wear-land 
growth and geometry of a worn tool. Shaw (1984) claims that an optimum CI (Clearance 
Angle) occurs from economic considerations as well as from a tool life point of view. It 
is suggested that as CI increases, the area of tool to conduct the heat away from the 
cutting edge is reduced, and the temperature and wear rate increase. On the other hand, in 
operating, cumulative wear on the tool will reduce CI and create a larger area for the tool 
to sit on the workpiece which will cause more temperature absorption at that section of 
the tool causing an increase in wear rate. Figure 1.1 shows the wear land growth in three 
stages with a simplified geometry of a worn tool. 
As discussed previously, deterioration of surface finish can determine the useful tool life. 
For a given set of cutting conditions, poor surface finish may be associated with the wear 
zones, as in nose radius grooving, or it may be associated with work/tool vibrations, 
which frequently increase in amplitude as a tool wears. The conditions, which give rise to 
poor surface finish, appear to correlate with growth of the wear land (Cook, 1973). 
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Figure 1.1 Relation between cutting length and wear land. (a) Wear-land growth (flank 
wear) (b) Simplified geometry of worn tool  
 
Having so many factors and interactions, two or more of these factors ignite the necessity 
to experiment. Sir R.A Fisher in the 1920’s introduced the basis of factorial design 
method. In the 1950’s Dr. Genichi Taguchi introduced robust design methodology, which 
focuses on the idea that is to identify settings of controllable factors that will minimize 
the effect of variations during the process.  
In machining there is often a surface roughness requirement that has to be met. 
Furthermore, due to physical conditions that took place during cutting, there will always 
be progressive wear on the tool. Robust design can be an alternative method finding out 
settings of controllable cutting parameters that results in the best surface roughness value 
within certain wear limits on the tool and observed cutting temperature. Employment of 
robust design will result in reduction for the need for re-machining; thus, it will influence 
the cost of production.  
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1.1 Problem Statement 
Design engineers include dimensional, positional tolerances and surface requirements 
into the design of the parts depending on their functionality and the mating parts that they 
will function with. In terms of machining parts that will work together, the surface 
roughness requirement is one of the most important criteria. In milling processes there are 
certain parameters, cutting parameters, which can be determined prior to machining and 
kept the same throughout the machining. These parameters are cutting speed, feed speed, 
depth of cut, and coolant usage. On the other hand, there are other variables during the 
cutting operation which we do not have a control over. These variables are the 
temperature of the tool and the amount of the wear that occurs with increase in machining 
time. Surface roughness is a measure of the technological quality of a product and a 
factor that greatly influences manufacturing cost (Benardos, Vosniakos, 2002). Due to 
costs related with tooling, and surface requirements in machining, the change in cutting 
parameters and increase in wear, the extended use of the tool is our concern. That is one 
of the main reasons why we would like to compare the behavior of the cutting parameters 
when the tool is new and after extended use conditions.  In the literature, the relation 
between cutting time and wear has been laid out broadly. Also the link between the 
temperature during cutting and the wear that it causes on the tool has been identified.  
 1.2 Objective  
Research done on the impact of cutting parameters that affect surface roughness suggest 
us that among three cutting parameters, cutting speed has the biggest impact on the 
surface roughness. Feed speed and depth of cut have less impact Lin, T.H. (2002) and 
Alauddin, Baradie, Hashmi (1996 and 1995), and Filho, Diniz (1999 and 2002) 
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concluded the same results; that an increase in cutting speed decreases the surface 
roughness. On the other hand, increasing cutting speed will increase the temperature of 
the tool, which may cause an increase in wear, and reduce tool life. Also, if the increase 
in cutting speed is too high, then tool will experience large increase in cutting 
temperatures and wear rate and will probably fail. During the machining process, there 
could possibly be a limitation due to spindle speed of the machine. In this study our 
objective is to find out the impact of cutting parameters that give the best short term 
surface roughness, while cutting tools are in their newest condition, and then after 
systematically wearing the same tools, determine parameters that give the best long term 
results. The short term and long term results will then be compared, considering 
differences in cumulative cutting time and tool temperature. The levels of the cutting 
parameters that result in the best surface roughness conditions have been investigated in 
the literature. In this study the major difference is to incorporate the impact of tool 
temperature and cumulative wear of the cutting tool on surface roughness. In order to 
meet this objective, we will employ design of experiment techniques and statistical 
analysis methods. Three control factors (cutting speed, feed speed, depth of cut), a noise 
factor (cumulative cutting time), a covariate (tip of the tool temperature), and a response 
variable (surface roughness, Ra) are included. 
1.3 Research Overview 
The entire thesis is organized into five chapters. The following chapter, Chapter 2, 
reviews the fundamentals of milling, cutting tools in milling, and tool wear. Chapter 3 
presents the first phase of the experiments, including a detailed description of the 
methodology along with the experiment procedure and analysis methods. Also in Chapter 
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3, the results of the analysis performed will be provided in detail. Chapter 4 presents the 
second phase of the experiments in which a new design strategy, new settings for the 
control parameters, and new measurement template was introduced. In Chapter 4, the 
results from analysis of the experiment are provided along with discussions. Chapter 5 
summarizes the research, presents and discussed conclusions, and recommends directions 
for further studies.  
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1 Milling Operation 
The milling operation is a metal removal process using a tool with one or more teeth 
rotating about a fixed axis, with each tooth removing material from a workpiece fed past 
the tool. Therefore, milling is as an intermittent cutting process, with each tooth 
producing variable thickness of chips. The rotation of the cutter N (rev/min), and its 
translation with feed rate, F (inches/min) will form the relative motion of the cutting edge 
with respect to workpiece. The peripheral speed of the cutter is the cutting speed, V 
(inches/min), which is dependent on rotational speed and cutter diameter.  
Milling operations can be classified into three types: Slab (Peripheral), face, and end 
milling.  
In slab milling, cutting occurs on the teeth at the periphery of the cutter, and the 
generated surface is a plane parallel to the cutter axis. The cutter generally is made of 
high-speed steel, has a number of teeth along its circumference, each acting like a single-
point cutting tool. Cutters may have straight or helical teeth that result in an orthogonal or 
oblique cutting process. In Figure 2.1 the types of slab milling are shown. In conventional 
milling, also called up milling, the peripheral velocity of cutter is in the opposite direction  
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Conventional milling Climb milling
 
Figure 2.1 Schematic illustration of conventional and climb milling  
of the feed direction on the table of the machine. In this case the maximum chip thickness 
is at the end of the cut. In climb milling, also called down milling, the cutter cutting speed 
and the feed speed are in the same direction. (Kalpakjian, 2000). In this case, cutting 
starts at the surface of the workpiece, where the chip thickness is at its maximum.  
In face milling cutting is performed by the edges on the periphery and the face of the 
cutter. The surface of the workpiece to be machined is usually at right angles to the cutter 
rotational axis. The chip thickness increases to its maximum value at the center of travel 
and decreases towards the end of tool engagement.  The combination of cutter diameter, 
insert angles (vertical angles) and their relative position to the surface of the workpiece 
will determine the entrance and exit angles of the tool from the workpiece. Figure 2.2 
presents the action of an insert in face, climb milling, conventional milling and 
dimensions in face milling. (Kalpakjian, 2000) 
In end milling, fundamentally there is not much of a difference from face milling, except 
that in end milling the machined surface is parallel to the cutter axis, although at the same 
time a face is created during the cut. 
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Figure 2.2 Face-milling operation. (a) action of an insert in face milling (b) 
climb milling (c) conventional milling (d) dimensions in face 
milling. (Kalpakjian, 2000) 
  
where; d: depth of cut 
  l: length of part 
  w: width of cut 
  v: linear surface cutting speed 
  f: feed per tooth 
D: diameter of the cutter 
lc: clearance distance of cutter from workpiece 
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In Figure 2.3 one will find geometry of a milling cutter The cutter usually rotates on an 
axis perpendicular to, the workpiece, although it can be tilted to machine tapered 
surfaces. End mill cutters are also available with ball nosed ends for the manufacturing of 
curved surfaces, such as dies and molds. (Tlusty, 1999) 
Due to the intermittent nature of the milling operation, the conditions during cutting are 
extreme. Every entry of each tooth creates a vibration on the tool and the machine table at 
the same time. In addition to that, the sliding of the table while cutting creates friction 
between the tool and the workpiece. Both of these physical challenges during cutting 
generate wear on the teeth of the cutter. In the next section we will briefly discuss the 
forms, and mechanics of tool wear along with tool failures and temperature effect on 
cutting tool. 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 Geometry of end milling. (a) half immersion up (b) half immersion 
down (c) slot (full immersion) milling (Tlusty, 1999) 
where ar: represents the depth of the cut 
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2.2 Tool Wear 
2.2.1 Forms of Tool Wear 
While cutting takes place, tools are subjected to extreme frictional conditions. These tools 
are in contact with the chips and the workpiece under very high stress and temperature 
conditions. Wear is in fact a term which describes a group of processes and a sliding 
situation that may change from one of these processes to another, because of quite minor 
alterations in the physical conditions (Armarego, Brown, 1969). Wear generally takes 
place in two well defined regions on the tool. On the face over the which chip slides (the 
rake face) a depression or crater develops which extends to the edge after prolonged 
cutting. On the flank below the edge a flat is worn, which is known as wear land 
formation (flank wear) (Taylor, 1962). Note that both of these wear forms do not always 
appear, and frequently, one will dominate (Cook, 1973). Figure 2.4  presents the idealized 
profile of a worn tool. (Taylor, 1962) 
When initially formed, the wear land on the clearance face is approximately parallel to 
the surface being machined. Further wear tends to change its inclination. This alteration 
indicates that the wear rate is bigger near the cutting edge than further down the clearance 
face. The wear land is often taken as a single measure of total wear in decision making on 
the amount of the wear. In addition to that, the amount of the flank wear directly 
influences design geometry of a tool. This may affect the dimensions of components 
produced in a machine with set cutting positions, or it may influence the shape of 
components produced in an operation utilizing a form tool (Armarego, Brown, 1969). 
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Figure 2.4 Idealized profile of a worn tool.  
where;  α: rake angle 
 θ: crater wear angle 
x: clearance angle 
w: width of the flank wear band 
 
Development of flank wear with time at a constant cutting temperature is shown in Figure 
2.5. (Boothroyd, 1989) 
Another form of wear is chipping of the tool, which involves removal of particles of tool 
material. Tools in discontinuous cutting have more tendency to chipping. Built-up edge 
formation can also promote tool chipping. A built-up edge, which is unstable, 
periodically breaks off, removing material from the tool edge along with the built-up 
workpiece material. Wear land formation (flank wear), crater wear, and chipping of the 
cutting edge directly affect the performance of the cutting tool. Cutting forces increase as 
a result of wear. 
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Figure 2.5 Development of flank wear 
   where; VB: width of the flank wear 
    (A-B): fast wear zone, a finite wear established 
    (B-C): uniform rate progressive wear zone 
    (C-D): gradually wear increasing zone 
The surface finish produced in a machining operation usually deteriorates as the tool 
wears down. This condition is true of a tool worn by chipping and is generally the case 
for a tool with flank land wear (Armarego, Brown, 1969) 
2.2.2 Mechanics of Wear 
During the process of cutting, wear mechanisms take place. The studies that are given 
under specific wear mechanics are mainly based on work performed on turning and 
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 milling operations. 
Adhesion (build-up) is caused by the fracture of welded asperity junctions between the 
two metals. In metal cutting, junctions between the chip and tool materials are formed as 
part of the friction mechanism; when these junctions are fractured, small fragments of 
tool material can be torn out and carried away on the underside of the chip or on the new 
workpiece surface (Boothroyd, 1989). The extreme case is the built-up edge which is 
formed in the low and middle speed range. Taylor (1963), considered that tool chip 
material adheres at contact asperities, and that diffusion and alloy formation rapidly take 
place, leading to a weakening of the tool material which is then wiped off by the chip.  
Layers of workpiece material welded to the tool are found in ductile material. The welded 
layers and points are periodically sheared away. This mechanism contributes to flank 
wear as well as to the formation of a crater (Tlusty, 1999).  
Abrasion wear occurs when high spots on one surface interacts with material of the other 
surface. The abrasion process depends on cutting process, hardness, elastic properties and 
geometry of the two mating surfaces. Armarego and Brown (1969) pointed out that the 
larger the amount of elastic deformation a surface can sustain, the greater will be its 
resistance to abrasion wear. They also presented that the abrasive resistance is 
proportional to the hardness of the metal in the annealed state. Kragelsky (1982) has 
reviewed different deformation modes of a surface loaded by a sliding indentor. The 
general conclusion he reached for most surfaces is that plastic conditions are established 
under light loads. Exceptions occur with hardened surfaces having a very good finish.  
Diffusion is the atomic transfer of material when asperities are in contact due to chemical 
affinity and differences in concentration. Diffusion wear is enhanced by elevated 
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temperature, increased time of contact, and increased contact pressure which increases 
the asperity contact area (DeVries, 1992). Trigger and Chao (1951) performed work to 
find out the point of maximum temperature on the rake face to determine the rate and 
location of diffusion wear. This type of wear causes a weakening of the surface structure 
of the tool. 
Fatigue wear is caused primarily by the compression and tension cycling of the sub-
surface inherent in some of the practical machining processes, where the cutting edge 
makes intermitted contact with the workpiece. Face milling is an example of such a 
process. In face milling the cutting edge undergoes a thermal cycling throughout the 
course of cutting. Continuous thermal cycling causes fatigue and, in time, results in sub-
surface separation or spalling out of the cutting edge material (DeVries, 1992).  
Mechanics of wear may occur at the same time or different times. Once the wear on 
cutting tool reaches an excessive limit then problems retaining surface quality and 
tolerance requirements will be hard. In next section we will briefly give the conditions in 
which the tool said to be failed. 
2.2.3 Tool Failures 
Armarego and Brown (1969) in their studies summarized the conditions in which the tool 
fails. While forming a list of conditions under which tool a fails, Armarego and Brown 
(1969) have mainly based their list on turning information, but they have also considered 
the studies being done by Albrecht, Hoshi and Okushima (1960) on milling. Albrecht 
(1960) suggested in his study that in milling hard steels with carbide cutters, cutting edge 
chipping could be prevented by chamfering the cutting edges. Albrecht (1960) focused 
their study on the variables that affect the cutting edge chipping in face milling. The tool 
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is said to fail when it no longer performs the desired function, so the failure criterion will 
be dependent on the requirements of the component being produced. In finishing 
operations the surface roughness and dimensional accuracy are of major importance; and 
the tool will fail when the specified conditions can no longer be achieved. In a roughing 
operation, excessive rise in cutting forces and power requirements may be taken as the 
failure criterion. Complete failure (total destruction of tool) is usually caused by high 
cutting forces or shock loads which produce a fracture extending from the rake face to the 
clearance face. This condition is provoked by interrupted cutting conditions, crater and 
wear land formation. Various tool failures have been used to determine tool life, these 
include: 
i. Chipping or fine cracks developing at the cutting edge 
ii. Wear land size on the clearance face 
iii. Crater depth, or width 
iv. Combination of ii and iii 
v. Volume or weight of material worn off the tool 
vi. Total destruction of the cutting tool 
vii. Limiting value of surface finish produced on the component 
viii. Limiting value of change in component size 
ix. Fixed increase in cutting forces or power required to perform cutting (Armarego, 
Brown, 1969). 
2.2.4 Temperature Effect on Tool 
Tool life is an item of major importance from an economic standpoint. Shaw (1957) 
presented that tool life is more dependent on the temperature reached at the tool-chip 
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interface (the contact surface between the tool face and the chip) than on the total amount 
of heat flowing into the tool or work piece. The portion of heat which leaves the tool-chip 
interface and flows into the tool causes very high temperature in the vicinity of the tool 
point. As the temperature increases, the hardness or resistance of the metal to shear 
decreases. In some extreme cases, the edge of the tool point actually gives way by 
melting. In addition to its importance in thermal failures, the temperature at the point of a 
tool is also important with regard to tool wear. The rate of tool wear is generally observed 
to increase with increased tool temperature (Shaw, 1957). In Chapter 1 we have stated 
that wear rate of the tool is primarily dependent on the cutting speed. Studies that have 
been done by many researchers verify the relation between the cutting speed and 
temperature. Shaw (1957), Kitagawa, Kubo, and Maekawa (1997), Ay, Yang U.J., Yang 
J.A. (1994), Mari, Gonseth (1993), Choudhury, Bartarya (2003) all presented in their 
work that the increase in cutting speed causes an increase in temperature this increase 
will result in wear. Ay, Yang U.J., Yang J.A. (1994) present in their paper that feed rate 
increase causes steadily increase in temperature of the tool.  
The temperature profiles of the tool are different in milling and turning. In milling we 
have multiple teeth that enter the cut (in this case workpiece) and then leave as the 
following tooth on the tool enters through the workpiece. Milling is an intermittent 
cutting process, each tooth producing a chip of variable thickness. In milling the entry of 
the tooth into the cut will start at a point on the rake face of the tool. In the first instants 
of cutting, the load of starting the chip formation concentrates around this point. As 
shown in Figure 2.6 depending on the geometry of the tool and on the entry angle ε1, the 
point of the first contact can be S –tip of the tool; T-on the cutting edge, away from the  
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Figure 2.6 Point of first contact of a milling cutter tooth at entry into the cut. 
(Tlusty, 1999) 
. 
 where; S: point on the tip of the tool 
T: point on the cutting edge  
V: point on the minor cutting edge, away from the tip 
U: point on the rake face, away from the cutting edges 
  ε1: entry angle 
  v: cutting speed 
 
tip; V-on the mirror cutting edge, away from the tip; U-on the rake face, away from the 
cutting edges. Diniz, Filho (1999) present that cracks of a mechanical origin may occur 
due to shocks either upon entrance of the edge into the par or during the exit of the edge 
from the workpiece. Tlusty (1999) presented in his book that in milling the temperature 
of the tool at the beginning of the cut rises and stabilizes rapidly, and after the exit from 
the cut it drops and stabilizes rapidly again. 
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Figure 2.7 presents the thermal cycles during milling process. In each thermal cycle, 
during the heating up period the surface of the tool is hotter than the inside and, 
correspondingly, compressive stresses develop on the surface of the tool. During the cool 
of period, the surface becomes cooler than the sub-surface, and tensile stresses occur. 
During each such cycle this variation of stresses causes some amount of grains to ease 
out of the surface. 
As we have noted above, the wear rate depends strongly on cutting speed because its 
value affects the maximum temperatures developed and thus the severity of thermal stress 
cycling.  
Also, Bhatia (1978), and Chandrasekaran (1985) presented that the major cause of the 
tool failure at high cutting speeds is thermal cracking of a thermal origin.  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7 Variation of temperature on the rake and the flank face of cutter 
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They also concluded that the reason for cracking at thermal origin is because edges are 
exposed to high levels of thermal shock due to the high temperatures caused by the high 
speeds and the high degree of temperature variation characteristics of process. 
Considering all of the wear mechanisms in milling, tool material of the cutters should be 
less sensitive to temperature stresses (Tlusty, 1999).  Venkatesh (1984) and Mari, etc. 
(1993) have performed studies on thermal fatigue on milling cutters. In particular, due to 
the nature of the milling process, during the idle period the surface of the tool cools much 
more rapidly than the inner part of the tool. Due to differences in thermal expansion, the 
surface will be under tensile stress. Throughout their studies, both authors employed 
mainly inserted tools in milling process. Both authors emphasized that an increase in 
cutting speed will result in an increase in thermal stress. Also, the elevated cutting speed 
can cause the temperature on the surface of the cutter to increase.  
Choudhury, etc. (1999) presented the role of temperature and surface finish to predict 
tool wear. Doing this study, design of experiments and neural network methods are 
employed. In the design of experiments three cutting parameters (cutting speed, feed rate, 
and depth of cut) are used. Using all surface finish, temperature and flank wear as 
response values, regression equations are formed. Following that, both temperature and 
surface finish are fitted against wear, and then the actual and fitted values compared and 
average error values are obtained. 
 Chao, etc. (1995), performed a study on investigation of turning process by using a 
Taguchi-based methodology. Major concerns of investigation are tool life and surface 
roughness. In this study five factors (cutting speed, feed rate, depth of cut, material type, 
rake angle) with two levels are included. An L16 orthogonal array design is used in this 
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experiment, and analysis of variance (ANOVA) is used to analyze the results of the 
experiment. Cutting speed, feed rate and depth of cut contributions to surface finish and 
tool life turn out to be significant rather than the two-factor interactions. Chao, etc. 
(1995) concluded that the tool life is sensitive to those three cutting parameters.  
2.3 Statistical Approach  
Using a statistical approach in a study, which includes designing, conducting, and 
analyzing an experiment; there are certain steps that need to be followed throughout the 
experiment. Montgomery (2001) lays out the guidelines to be followed in designing and 
analyzing an experiment.  
1. Statement of the problem 
As we have stated in Chapter 1 of this study, it is really necessary to understand 
the problem and develop ideas about the objective of the experiment. This step is 
crucial for the beginning and also for the main focus of the entire experiment.  
2. Choice of factors, levels, and range 
Considering the factors that have large effects on the process performance or 
outcome is the first part of this step. These factors can be controllable, 
uncontrollable, or noise factors. In controlled factors, the level of the factor can be 
set and manipulated by the experimenter. In uncontrolled factors, there is no 
setting for the levels of the factor; it can be measured but not controlled. In this 
case the measured values of the levels of the factor can be recorded and treated as 
a covariate in the analysis. In noise factors, the factor varies naturally and 
uncontrolled but can be controlled for the purpose of the experiment. In such 
cases, the experimenter aims to find out levels of controlled factors that will 
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minimize the variation that is introduced into system by noise factor(s). This kind 
of problem is often called as robust design problem. 
In selecting the levels for the factors, process knowledge is the key element, 
which is a combination of practical experience, and theoretical understanding. In 
the early stage of the experiment, it is good to include all the possible factors that 
affect the process, without undue influence by the previous experiments 
conducted. In our study, the manufacturer provided the specifications for all of the 
tools. 
3. Selecting a response variable 
In selecting such a measure, the experimenter should be confident that the 
response variable really provides information about the process that is under 
study. Often, rather than just the response variable itself, the average or the 
standard deviation can be used as a response variable. There can be more than one 
response variable, and the ability to accurately and repeatedly measure the 
response variables is crucial.  
4. Choice of experimental design 
In this step we need to determine the size of the experiment, the number of 
replications, whether to use blocking, randomize and select the order of the runs. 
All of these elements can directly affect the effectiveness of the experiment. In 
order to meet the objective of the study successfully, the experiment should be 
setup keeping in mind that detail. In our study, experimental design is setup after 
long discussion with the committee members. As mentioned above the objective 
of our study is the main point of the entire discussions. Considering our 
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experiment in two steps, we have selected two-level factors for the first 
experiment and also for the second one. After conducting the first experiment and 
keeping in mind the purpose of the experiment, we plan to set new levels for the 
second experiment. Throughout our experiment we have employed the factorial 
designs that were introduced by Fisher (1966). In this type of design layout we 
can investigate all the possible interactions between the factors. Also we have 
employed JMP 5.0 (version) software to plan our experimental design with the 
limitations in terms of blocking, and randomization. 
5. Performing the experiment 
While running the experiment all the processes should be monitored carefully and 
closely and everything should be carried out as planned. Throughout our 
experiment, all the conditions are kept same for the entire study.  Conditions 
meaning the set up of the machine, room temperature, operator, and set ups for 
the measurement equipment. Any changes in those conditions might have 
damaged our data collection, considering the purpose of our experiment.  
6. Statistical analysis of the data 
After completing the first five steps successfully, the results that will be discussed 
should not be complex. Always we need to verify the results with the practitioners 
and the studies that have been performed before.  We have used JMP 5.0 (version) 
to analyze the data resulting from our study. JMP automatically calculates the 
analysis of variance table depending to the experimental design. There will be 
many other statistical parameters that can be used as a part of analysis including 
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R2 and parameter estimates.  Also we supported our analysis with graphical 
methods.  
7. Conclusions  
Following the completion of analysis, the experimenter should draw conclusions 
about the results and recommend a direction for the future studies. Confirmation 
testing can be performed in order to validate the outcomes of the experiment.  
Montgomery (2001) also pointed out that the proper use of statistical techniques in 
experimentation requires that the experimenter keep the following steps in mind: 
I. Use your non-statistical knowledge 
Using statistics is not a substitute for thinking.  
II. Keep the design and analysis as simple as possible 
Relatively simple design and analysis methods are almost always best. 
III. Recognize the difference between practical and statistical difference 
Just because two experimental conditions produce mean responses that are 
statistically different do not assure that the difference is large enough to have 
any practical value. 
IV. Experiments are usually iterative. 
You can always use what you have learned from previous step. 
 
 26
 
 
 
CHAPTER 3 
EXPERIMENTATION AND RESULTS 
 PHASE I 
 
3.1. Design of the Experiment  
In Chapter 3, design of the first experiment will be discussed in detail. Following the 
design of experiment, results gained from the experiment will be presented and also 
discussed. In the design of experiment stage, the format of the experiment, number of 
runs in experiment, layout of the design, and data collection strategy will be discussed. 
Also in this chapter, information about the measurement equipment will be provided. In 
the presentation of results, graphs and statistical analysis tools will be used. In the 
conclusion part of this chapter results of the first experiment will be discussed and 
reasoning behind an additional experiment will be given. 
Consider three cutting parameters V (rpm), D (depth of cut), F (feed speed) as on three 
axis. For the initial experiment, we developed a 23-1 fractional factorial at the opposite 
corners of our design cube. (see Figure 3.1) In this stage we are planning on using four 
cutting tools on four steel bars with a dimension of 10” long and 2.5” wide. The tool 
numbers corresponding to treatment combinations are shown in Table 3.1.  
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Figure 3.1 Design cube and axis assigned to cutting parameters 
 
Table 3.1 Levels of cutting parameters at two steps of experiment 
Tool Number Initial Experiment Long Term Experiment 
1 V+ F- D- V- F+ D+ 
2 V- F+ D- V+ F- D+ 
3 V+ F+ D+ V- F- D- 
4 V- F- D+ V+ F+ D- 
 
Steel blocks are coming from an extruded bar stock and assumed to have the same 
physical and chemical properties. Each tool will be assigned to the same bar stock 
throughout the experiment. The purpose of the initial experiment is to find out the 
settings of cutting parameters that result in best surface finish observing the temperature 
as a covariate in cutting process. All of the four tools are identical and in their new 
condition. Initial experiment will be run with the settings at the corners that are having 
square marks; following stage of experiment will be run with the settings that are on the 
diagonal opposite corners of the design cube with circle marks as shown in Figure 3.1.  
The cutting diameter of the tool is .5”, and during cutting we will make six passes to clear 
out one layer of the steel block. The cutting parameter levels are shown in Table 3.2. 
N
D
F 
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Table 3.2 Cutting parameter levels 
 
 
 
 
V, revolutions per minute, is used in the experiment rather than the surface feed per 
minute (SFM) value due to easiness in relation with the controller on the machine. 
Suggested SFM values from the manufacturer were converted into revolutions per minute 
(the conversion formula also being provided from the manufacturer, Kennametal). The 
conversion formula that introduces the relation between the SFM and V is as follows:  
RPM = (3.82xSFM) / Tool Diameter  
For face milling operations, the tool manufacturer, suggests using exactly the cutting 
diameter in this formula. By substituting the values of 80 and 100 SFM into the formula 
above, we will get 611and 764 rpm as our V values. The machining time for each single 
layer is a function of feed rate considering we have a certain length to machine. In our 
experiment for each layer, we will machine 60 linear inches of steel. Having feed rates of 
4 and 6 inches/minute it will take 15 and 10 machine a layer of steel. On the following 
template being prepared, you can see the areas that are marked for surface roughness 
readings. By having fixed areas on the template (shown in Figure 3.2) we will be able to 
pick the same areas for each tool.  
  Low (-) High(+)
V (rpm) 611 764 
F (inches/min.) 4 6 
D (inches) 0.05 0.075 
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Figure 3.2 Template for the measurements during experiment 
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3.2. Running Initial Experiment 
At this stage of the experiment, with each of the four combinations in the fractional 
factorial design, we will machine a single layer of the steel bar. We will take temperature 
measurements by using a thermocouple held in a fixture that isolates the tool during 
measurements. It takes around 10 seconds to obtain a temperature measurement and these 
measurements will be taken before the beginning and after the cutting of each pass. For 
the surface roughness (Ra) measurements, we will use the template shown in Figure 3.2 
that carries marks of the areas on which surface roughness readings will be taken. We 
will have 12 readings at each layer of surface; these measurements will be taken after 
machining each layer of the workpiece. If we are to summarize the measurements we will 
have 2 temperature and 12 surface roughness measurements for each layer of steel 
machined. As a total, we will have 8 temperature and 48 surface roughness measurements 
in our initial experiment. Table 3.3 shows the combinations and the data to be collected 
through the experiment. 
3.3. Running Longer Term Experiment 
At this stage our goal is to observe if there is any change in the settings of cutting 
parameters that may affect surface roughness due to cumulative wear on the tools. As we 
have mentioned before, for the initial experiment we will use 23-1 fraction factorial. By 
combining fractional factorial designs in which certain signs are switched, we can 
systematically isolate effects of potential interest. This type of sequential experiment is 
called a fold over of our initial design (Montgomery, 2001). By folding over, we will also 
increase the resolution of our design. This type of fold over breaks the alias links between 
main effects and two-factor interactions and enables us to estimate main effects clear of  
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Table 3.3 Initial experiment data sheet with factor levels 
    Factors   Temperature Ra (readings) 
Run  
Tool 
# V F D 
# of 
passes 1 2 1 2 3 4 5 6 7 8 9 10 11 12 
1 1 High low low 1 _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
2 2 Low high low 1 _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
3 3 High high high 1 _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
4 4 Low low high 1 _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
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two-factor interactions. We will still be using the same tools and same steel blocks that are 
assigned to those tools. At this stage of the experiment for each cutting parameter  
combination we will machine 12 layers of steel. Table 3.3 and 3.4 shows the combinations 
and the data to be collected through the experiment. Our measurement format will remain 
same. For every layer of machining we will take 2 temperature and 12 surface roughness 
measurements. So for each cutting parameter combination, we will have 24 temperature (12 
at the beginning 12 at the end of each layer cutting) and 144 surface roughness (12 at each 
layer) measurements. Table 3.4 shows the combinations and the data to be collected through 
the experiment. 
3.4. Conclusions Following the First Set of Experiment 
Following the completion of experiment, we gain the data, in Appendix 1.1. First of all, we 
plot the data to see the changes within time. The following Figure 3.3 represents the time 
series of each treatment combination along with the autocorrelation between positions. After 
checking the time series of the each treatment combination, we have reached a conclusion 
that there is a certain repeated pattern in the values being read. So we decided to investigate 
the way the data were collected. While taking the readings with the surface analyzer on the 
part, it was determined that some measurements were taken in the direction of feed, while 
others were taken in the direction opposite if feed. The following plot (Figure 3.3) shows the 
data collected during the experiment, in time order for each tool in treatment combinations 
starting from 5. Nine of the measurements out of 12 are in the opposite direction of feed and 
the other three are in the same direction with the feed of the machine.  
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Table 3.4. Long-term experiment data sheet with factor levels 
 
            Temp. Ra (readings)  
Run  
Tool 
# V F D 
# of 
passes 1 2 1 2 3 4 5 6 7 8 9 10 11 12 
5 1 low high high 1st  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     2nd _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     3rd  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     4th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     5th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     6th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     7th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     8th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     9th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     10th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     11th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     12th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
6 2 high low high 1st  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     2nd _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     3rd  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     4th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     5th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     6th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     7th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     8th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     9th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     10th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     11th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
          12th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
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Table 3.4. Continued 
            Temp. Ra (readings)  
Run  
Tool 
# V F D 
# of 
passes 1 2 1 2 3 4 5 6 7 8 9 10 11 12 
7 3 low low low 1st  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     2nd _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     3rd  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     4th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     5th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     6th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     7th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     8th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     9th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     10th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     11th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     12th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
8 4 high high low 1st  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     2nd _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     3rd  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     4th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     5th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     6th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     7th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     8th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     9th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     10th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
     11th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
          12th  _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
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Figure 3.3. Time series of the 144 measurements, with autocorrelations table 
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Figure 3.3. Continued 
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Time Series Ra TC8 Tool #4 (V+,F+,D-) 
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 Figure 3.3. Continued 
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Therefore, we need to learn whether measuring in opposite or same direction really 
creates differences in surface roughness values or not. To answer this question, we 
decided to collect another set of data at final layers of each part (steel block). In data set 
we will also include the readings from final passes of runs from treatment combinations 
5(V-,F+,D+), 6(V+,F-,D+), 7(V-,F-,D-), and 8(V+,F+,D-). We took 12 readings on each 
part and then rotated the part 1800 and take 12 more readings with that formation. This 
way, we will have three sets of data for each layer. Two out of three sets, we will have 6 
points for each layer on which the measuring direction have changed after rotating the 
part 1800. This type of data collection first enables us to verify the readings from surface 
analyzer and then to see the effect of direction in influencing surface readings. The 
following plots in Figure 3.4 are presenting the agreement between measured values by 
same surface analyzer.  
As you can see at the plots presented in Figure 3.4, in Blocks TC5-Block1, TC6-Block2, 
and TC8-Block4 agrees pretty well. In TC7-Block3 plot, readings taken in final pass of 
the experiment are different from the other two series of readings taken. 
On the other hand, the measured two series of values for this study over TC7-Block3 
seem to agree well, as the other plots do. In Table 3.5 we have 6 points in two sets of 
measurements that feed direction is changed at each layer of the steel with respect to 
surface analyzer placement. These 6 points in Table 3.5 are analyzed considering the 
directional change between feed and the analyzer placement. 
Our conclusions based on the results provided from Table3.5 are given. Out of 24 
directional changes: 
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Figure 3.4 Agreement charts between measured roughness at each block 
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Final layer measurements(original, re-measure, rotated) 
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Figure 3.4. Continued 
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Table 3.5 Directional analysis of different points 
    Measurement Directions   
Block # Positions In feed direction Opposite feed direction Difference
1 1 162 194 32 
1 3 95.7 100.4 4.7 
1 5 96.5 94.9 -1.6 
1 7 96.9 127.6 30.7 
1 9 100 111 11 
1 11 122.8 99.2 -23.6 
2 1 172.4 177.2 4.8 
2 3 183.5 167.7 -15.8 
2 5 208.7 156.7 -52 
2 7 152 155.1 3.1 
2 9 159.1 182.7 23.6 
2 11 172.2 165.4 -6.8 
3 1 132.3 207.1 74.8 
3 3 265 226.8 -38.2 
3 5 144.9 185 40.1 
3 7 122 116.5 -5.5 
3 9 153.1 213.4 60.3 
3 11 132.3 112.6 -19.7 
4 1 209.4 222 12.6 
4 3 244 215.7 -28.3 
4 5 185 212.6 27.6 
4 7 103.9 164.6 60.7 
4 9 138.6 158.3 19.7 
4 11 131.1 152.4 21.3 
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• We have 17 cases behave the way we hypothesize (the direction of the 
measurement does really matter, in terms of increasing and decreasing the values 
of surface roughness) 
• We have 4 unusual cases, which do not behave the way we expect. 
• We have 3 cases in which the changes in the surface value is minimal. 
 
 From the analysis performed above, we can conclude that there is a significant amount of 
change in roughness readings being gained by switching the direction of measurement 
with respect to feed.  The concluding statements from directional analysis will assist us in 
setting up the data collection strategy for the second set of experiments.  
The model we fit, Appendix 1.2, shows no significance for any of the main effects. The 
values that are included in the model are the average values of 144 surface roughness 
readings under same treatment combination. 
Temperature of the cutting tool right after the end of cutting was one of the measured but 
uncontrolled factors. The intent during the planning of experiment was to measure and 
include the temperature as a covariate in the model. The temperature mean comparison 
among the tool are given in the Figure 3.5. 
As you might see, there is a difference between the tools 1,2 and 3,4.  Comparing the 
settings at which these tools were run, one will notice that the depth of cut caused the 
difference in the temperature means of the tools. 
Since the model that was fit in Appendix 1.2 has no significant factors, the investigation 
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Dif=Mean[i]-
Mean[j] 
2 1 4 3 
2 0.000 4.658 39.858 60.542 
1 -4.658 0.000 35.200 55.883 
4 -39.858 -35.200 0.000 20.683 
3 -60.542 -55.883 -20.683 0.000 
 
q* Alpha 
2.67001 0.05 
 
Abs(Dif)-LSD 2 1 4 3 
2 -19.560 -14.902 20.298 40.982 
1 -14.902 -19.560 15.640 36.323 
4 20.298 15.640 -19.560 1.123 
3 40.982 36.323 1.123 -19.560 
 
Level    Mean
2 A     194.07500
1 A     189.41667
4   B   154.21667
3     C 133.53333
 
Levels not connected by same letter are significantly different 
 
Figure 3.5. Temperature mean comparison among tools 
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conducted by adding temperature as a covariate did not change the results from this 
experiment. This analysis, and model fit is presented in Appendix 1.3. 
In summary of all the post experiment work, we can say that direction of measurement 
with respect to feed direction causes a change in surface roughness readings. Secondly, 
the levels that we have established prior to first experimentation do not provide any 
reasonable result in terms of change in surface roughness values and analyzing the effect 
of main effects. So under these circumstances our next step should include a new 
experimental layout with wider differences in factor levels and a new data collection 
strategy. 
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CHAPTER 4 
EXPERIMENTATION AND RESULTS 
 PHASE II 
 
4.1 Design of the Experiment 
In this chapter we present the second experiment with its layout, analysis, and results. 
Following the design of the experiment, the results are presented. In the design of 
experiment stage, the format of the experiment, number of the runs, layout, and data 
collection strategy are discussed. Also in this chapter, information about the measurement 
equipment is provided. In presenting the results, graphs and statistical analysis tools are 
used. Finally, results of the second experiment are discussed. 
Subsequent to presenting the outcome of the first experiment, we decided to run another 
experiment in order to better see the main effects of cutting parameters and also to 
consider the differences in the directional readings of surface roughness. We determined 
new cutting parameter levels for this experiment based on what was learned from the first 
experiment. Experiment 1 is inconclusive in terms of the significance of main effects. 
The levels that were used in Experiment 1 are given in Table 4.1. 
Having none of the main effects as significant in the model that was fit in Appendix 1.2 
and observing no wear on the cutters suggests that we space the levels of control 
parameters further apart. 
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Table 4.1. Cutting parameter levels in experiment 1 
 
 
 
 
 
Table 4.2. New cutting parameter levels 
 
 
 
 
 
Therefore, to observe the behavior of the control factors, and their interactions among 
each other, the differences between low and high levels of the control factors are 
increased. By increasing the high levels, the possibility of observing wear on the cutting 
tools is also greater than before. In Table 4.2 the new parameter levels are given. 
Also in this experiment, due to an increase in our cutting parameter values, we need to 
modify the part orientation on the vise of the machine. Due to higher feed rates and 
depths of cut, we may experience excessive vibration on the machine bed during cutting. 
Therefore the direction of cut was changed and a new template was developed to 
minimize the effects of excessive vibration in areas where measurements were taken. In 
the new template, the direction of cut will be normal to vise jaws, where the vibration 
during cutting will be absorbed. Also by using this new template we will have 5 evenly 
  Low (-) High (+)
V (rpm) 611 764 
F (inches/min.) 4 6 
D (inches) 0.05 0.075 
  Low (-) High (+)
V (rpm) 600 1000 
F (inches/min.) 4 9 
D (inches) 0.04 0.100 
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distributed surface roughness measurements in the same direction with feed, and 5 
surface roughness measurements in the opposite direction of machine feed. Figure 4.1 
presents the new machining path and measurement template for the second experiment. 
Note that the blocks used in the second experiment are one-half the length of the blocks 
in the first experiment.  
Note that this template is designed for just half of the part, which is 5” in length. After 
discussing the difficulties faced in Experiment 1, due to the unequal number of roughness 
readings in two directions, the new template is designed to equally partition the number 
 
 
 Figure 4.1. New template for secondary experiment 
 
1 2 3 4 5 6 7 8 9 10
+Y 
+X
Feed  
Direction 
Machine Axis
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of measurements that will be taken throughout the experiment. Under the given 
circumstances, in new designed template, the direction of cut changed from the X-axis of 
machine to the Y-axis of the machine. A decision was made to run 4 of the treatment 
combinations on one half of the part and the other 4 treatment combinations on the other 
half. Thus we were able to run a full factorial design on each block of steel for each tool. 
Table 4.3 presents the layout of the second experiment. Notice that in this second 
experiment each tool is used on each block of steel under the same eight treatment 
combinations. The run order was randomized within each half of the blocks. In our 
analysis the tool factor will be included as a blocking factor. Also another distinction 
from the first experiment is that the temperature of the workpiece is taken as soon as tool 
temperature measurement is completed. The measurement will be taken on the last 
contact point of the cutting tool. In our analysis we are planning to include the 
temperature as a covariate, hoping that there might be a relation in increase or a decrease 
of the surface roughness. 
4.2. Results of the Second Experiment 
Following the completion of the experimental runs, the data set in Appendix 2.1 was 
formed. Recall from the first experiment we experienced the problem of surface 
roughness readings due to directional change. The following test (Figure 4.2.a,b,c) is 
performed to investigate presence of a possible directional effect. Recall that the runs are 
randomized; therefore even though the treatment combinations are ordered this does not 
necessarily mean that they were run in that order. 
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Table 4.3. New design layout for secondary experiment 
Orde
r 
Withi
n 
Block 
Tool 
# 
V 
(rpm
) 
F 
(feed 
rate) 
D 
(depth 
of 
cut) 
Tem
pT1
Tem
pT2
Part 
Tem
p Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8 Y9 Y10
1 2 600 9 0.04                           
2 2 600 4 0.1                           
3 2 1000 4 0.04                           
4 2 1000 9 0.1                           
5 1 600 4 0.04                           
6 1 1000 4 0.1                           
7 1 1000 9 0.04                           
8 1 
1 
600 9 0.1                           
1 1 1000 9 0.04                           
2 1 600 9 0.1                           
3 1 600 4 0.04                           
4 1 1000 4 0.1                           
5 2 1000 9 0.1                           
6 2 600 9 0.04                           
7 2 600 4 0.1                           
8 2 
2 
1000 4 0.04                           
1 2 600 9 0.04                           
2 2 600 4 0.1                           
3 2 1000 9 0.1                           
4 2 1000 4 0.04                           
5 1 600 9 0.1                           
6 1 1000 4 0.1                           
7 1 1000 9 0.04                           
8 1 
3 
600 4 0.04                           
1 1 1000 9 0.04                           
2 1 1000 4 0.1                           
3 1 600 4 0.04                           
4 1 600 9 0.1                           
5 2 1000 4 0.04                           
6 2 600 9 0.04                           
7 2 1000 9 0.1                           
8 2 
4 
600 4 0.1                           
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Response 40 positions computed by each tool means 
Actual by Predicted Plot 
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210
_S
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A
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130 140 150 160 170 180 190 200 210
_Stack_ Predicted P<.0001 RSq=0,81
RMSE=9,0558
 
 
Summary of Fit 
RSquare 0.809971
RSquare Adj 0.725514
Root Mean Square Error 9.055768
Mean of Response 162.4246
Observations (or Sum Wgts) 40
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio
Model 12 9437.650 786.471 9.5903
Error 27 2214.187 82.007 Prob > F
C. Total 39 11651.837 <.0001
 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>|t|
Intercept 162.42464 1.431843 113.44 <.0001
Tool #[1] 14.313929 2.480024 5.77 <.0001
Tool #[2] 9.7016071 2.480024 3.91 0.0006
Tool #[3] -13.63089 2.480024 -5.50 <.0001
Position[Y1 Avg.] -5.270179 4.295528 -1.23 0.2305
Position[Y10 Avg.] 24.387411 4.295528 5.68 <.0001
Position[Y2 Avg.] -2.02375 4.295528 -0.47 0.6413
Position[Y3 Avg.] -8.578214 4.295528 -2.00 0.0560
Position[Y4 Avg.] 2.7677679 4.295528 0.64 0.5248
Position[Y5 Avg.] -7.609464 4.295528 -1.77 0.0878
Position[Y6 Avg.] 5.1226786 4.295528 1.19 0.2434
Position[Y7 Avg.] 0.2851786 4.295528 0.07 0.9476
Position[Y8 Avg.] 0.1740179 4.295528 0.04 0.9680
 
 
Figure 4.2 Model of roughness at positions, for each tool. (a) ANOVA table along 
with parameter estimates (b). Effect tests and tool means (c) Position means and contrast 
table 
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Effect Tests 
Source Nparm DF Sum of Squares F Ratio Prob > F 
Tool # 3 3 5926.5178 24.0895 <.0001 
Position 9 9 3511.1325 4.7572 0.0008 
 
 
Tool # 
Leverage Plot 
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Least Squares Means Table 
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Figure 4.2 Continued 
Level Least Sq Mean Std Error Mean
1 176.73857 2.8636852 176.739
2 172.12625 2.8636852 172.126
3 148.79375 2.8636852 148.794
4 152.04000 2.8636852 152.040
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Least Squares Means Table 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Contrast Table 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 Continued 
Level Least Sq Mean   Std Error Mean
Y1 Avg. 157.15446  4.5278838 157.154
Y10 Avg. 186.81205  4.5278838 186.812
Y2 Avg. 160.40089  4.5278838 160.401
Y3 Avg. 153.84643  4.5278838 153.846
Y4 Avg. 165.19241  4.5278838 165.192
Y5 Avg. 154.81518  4.5278838 154.815
Y6 Avg. 167.54732  4.5278838 167.547
Y7 Avg. 162.70982  4.5278838 162.710
Y8 Avg. 162.59866  4.5278838 162.599
Y9 Avg. 153.16920  4.5278838 153.169
Y1 Avg. -0.2 
Y10 Avg. 0 
Y2 Avg. 0.25 
Y3 Avg. -0.2 
Y4 Avg. 0.25 
Y5 Avg. -0.2 
Y6 Avg. 0.25 
Y7 Avg. -0.2 
Y8 Avg. 0.25 
Y9 Avg. -0.2 
Estimate 7.5958 
Std Error 3.0374 
t Ratio 2.5008 
Prob>|t| 0.0188 
Sum of Squares 512.85539528
Numerator DF 1
Denominator DF 27
F Ratio 6.253805693
Prob > F 0.0187616636
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Note that the contrast test in Figure 4.2.a,b,c is applied to all positions except position 10. 
As you can see from the contrasts table in Figure 4.2.c, the differences between the odd 
and even points are not due to the high average obtained at Position #10. It is statistically 
significant that the measurements taken in the same direction as the feed produce lower 
roughness values than do readings in the opposite direction of feed. 
The variability charts, (Figure 4.3 and Figure 4.4) below suggest that among four tools, 
tool #2 has the greatest amount of within treatment and within position variation. By 
carefully looking at the test in Figure 4.2, one can observe that there is a systematic 
change in the surface roughness readings due to rotation of the measurement equipment 
during data collection. 
 
R
ou
gh
ne
ss
 re
ad
in
gs
0
50
100
150
200
250
300
350
400
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
1 2 3 4
TC within Tool #
 
 
Figure 4.3 Variability chart for second experiment. Roughness readings at ten points 
under eight treatment combinations for each tool. 
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Figure 4.4 Variability chart for second experiment (positions within tools). 
 
The test in Figure 4.2 shows position number 10 has a greater mean roughness value and 
that difference is statistically significant. In Figure 4.5, one can find the average 
roughness model which includes main effects of all cutting parameters (V, F, D), two-
factor interactions, the three-factor interaction, tool effects, and interaction of tools by 
three-factor interaction. In addition one can find the entire data-summarizing table, 
analysis of variance table, and the estimates of the parameters. 
As can be seen from the table of results in Figure 4.5, the three main effects turn out to be 
statistically significant, where the tool effect is not. At the same time the F*D and V*F*D 
interactions are statistically significant. None of the tool cutting parameter interactions 
turn out to be significant at an α=. 05 level. 
Since three-factor interaction is highly significant, as shown in Figure 4.5, the validity of 
the three-factor interaction is tested in Figure 4.6. 
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Response avg. roughness model 
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Summary of Fit 
RSquare 0.862991
RSquare Adj 0.64606
Root Mean Square Error 25.68628
Mean of Response 162.4403
Observations (or Sum Wgts) 32
 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio
Model 19 49870.155 2624.75 3.9782
Error 12 7917.419 659.78 Prob > F
C. Total 31 57787.574 0.0090
 
 
Effect Tests 
Source Nparm DF Sum of Squares F Ratio Prob > F 
V 1 1 7122.510 10.7952 0.0065 
F 1 1 11983.455 18.1627 0.0011 
D 1 1 5623.036 8.5225 0.0129 
tool # 3 3 4755.593 2.4026 0.1185 
tool #*V 3 3 2425.186 1.2252 0.3431 
tool #*F 3 3 3347.455 1.6912 0.2217 
tool #*D 3 3 3230.926 1.6323 0.2340 
V*F 1 1 0.287 0.0004 0.9837 
V*D 1 1 1063.873 1.6125 0.2282 
F*D 1 1 2756.717 4.1782 0.0635 
F*D*V 1 1 7561.118 11.4600 0.0054 
 
 
Figure 4.5 Model of roughness including cutting parameters and interactions 
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Parameter Estimates 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 Continued 
 
Term   Estimate Std Error t Ratio Prob>|t|
Intercept  162.44031 4.540735 35.77 <.0001
N  14.919062 4.540735 3.29 0.0065
F  -19.35156 4.540735 -4.26 0.0011
D  -13.25594 4.540735 -2.92 0.0129
tool #[1]  14.360938 7.864785 1.83 0.0928
tool #[2]  9.6859375 7.864785 1.23 0.2417
tool #[3]  -13.64656 7.864785 -1.74 0.1083
tool #[1]*V  -4.962813 7.864785 -0.63 0.5399
tool #[2]*V  -5.575313 7.864785 -0.71 0.4919
tool #[3]*V  15.064688 7.864785 1.92 0.0796
tool #[1]*F  -3.582188 7.864785 -0.46 0.6569
tool #[2]*F  16.292812 7.864785 2.07 0.0605
tool #[3]*F  -0.907188 7.864785 -0.12 0.9101
tool #[1]*D  10.654687 7.864785 1.35 0.2005
tool #[2]*D  -13.05781 7.864785 -1.66 0.1227
tool #[3]*D  -6.445312 7.864785 -0.82 0.4285
V*F  0.0946875 4.540735 0.02 0.9837
V*D  -5.765938 4.540735 -1.27 0.2282
F*D  -9.281563 4.540735 -2.04 0.0635
F*D*V  -15.37156 4.540735 -3.39 0.0054
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Analysis of Variance 
 
 
 
  
 
Effect Tests 
Source Nparm DF Sum of Squares Mean Square F Ratio Prob > F
Tool 3 3 4755.593 1585.20 1.8553 0.1734
Tool*V*F*D 3 3 1541.662 513.89 0.6015 0.6224
V*F*D 1 1 7561.118 7561.12 8.8496 0.0081
V 1 1 7122.510 7122.51 8.3362 0.0098
F 1 1 11983.455 11983.46 14.0255 0.0015
V*F 1 1 0.287 0.29 0.0003 0.9856
D 1 1 5623.036 5623.04 6.5812 0.0195
V*D 1 1 1063.873 1063.87 1.2452 0.2792
F*D 1 1 2756.717 2756.72 3.2265 0.0893
 
 
Least Squares Means Table 
 
 
 
 
 
Figure 4.6 Roughness model including cutting parameters, tools and interactions  
  
Source DF Sum of Squares Mean Square F Ratio
Model 13 42408.250 3262.17 3.8181
Error 18 15379.324 854.41 Prob > F
C. Total 31 57787.574 0.0048
Level Least Sq Mean Std Error Mean
1 176.80125 10.334450 176.801
2 172.12625 10.334450 172.126
3 148.79375 10.334450 148.794
4 152.04000 10.334450 152.040
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Interaction Profiles 
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Figure 4.6 Continued 
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The F-test value of 8.8496 obtained from JMP output in which mean square error used is 
not the true F-test for testing three-factor interaction in our experiment. The true F-test is 
as follows: 
F=7561.12/513.89=14.7135 which is larger than the critical value for F.05,1,3=10.13. Thus 
we conclude that the three-factor interaction is valid and present. The interaction plots are 
given below. In Figure 4.7 the validity of the three-factor interaction (V*F*D) is tested 
under a condition where tool temperature is the response variable. This way the effect of 
cutting parameters on temperature of the tool can be investigated. 
The correct test for the Tool effect is not to use the mean square error in the denominator. 
If we view the Tool*VFD mean square as an error term, then it should be used as the 
denominator for the Tool effect F test. For roughness (F-test:4755.593/1541.662=3.08 
<F.05,3,3=9.28) and for T2 (F-test: 20254.674/8517.364= 2.378< F.05,3,3=9.28 ) this is not 
significant, which is correct for roughness, but it is counter intuitive for T2. 
The fact that Tool 2 is only slightly hotter for the treatment combinations when V*F*D=-
1 is the reason that the results are not significant (refer to Figure 4.7). Generally speaking, 
a block variable’s main effect is maintained in the model even when it is not significant. 
In Figure 4.8 the validity of three-factor interaction is tested without the presence of Tool 
2 in data set. The tool effect is removed to get useful plot.  
The test to check the validity of the three-factor interaction is as follows: 
F=3649.68/327.26=11.15, which is smaller than F.05,1,2=18.51. However, F value 11.15 is 
large as compared to test performed with all the tools included in Figure 4.6. Due to 
decreasing the error degrees of freedom from 3 to 2, the critical value increased to 18.51. 
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Parameter Estimates 
Term Estimate Std Error t Ratio Prob>|t|
Intercept 235.50625 2.81577 83.64 <.0001
Tool[1] -11.18125 4.877058 -2.29 0.0341
Tool[2] 42.81875 4.877058 8.78 <.0001
Tool[3] -9.78125 4.877058 -2.01 0.0602
Tool[1]*V*F*D -9.24375 4.877058 -1.90 0.0742
Tool[2]*V*F*D 28.25625 4.877058 5.79 <.0001
Tool[3]*V*F*D -9.31875 4.877058 -1.91 0.0721
V*F*D 1.79375 2.81577 0.64 0.5321
V 5.5375 2.81577 1.97 0.0648
F 11.53125 2.81577 4.10 0.0007
V*F -5.9125 2.81577 -2.10 0.0501
D 38.4625 2.81577 13.66 <.0001
V*D -4.94375 2.81577 -1.76 0.0961
F*D 11.95 2.81577 4.24 0.0005
 
Effect Tests 
Source Nparm DF Sum of Squares F Ratio Prob > F 
Tool 3 3 20254.674 26.6109 <.0001 
Tool*V*F*D 3 3 8517.364 11.1902 0.0002 
V*F*D 1 1 102.961 0.4058 0.5321 
V 1 1 981.245 3.8675 0.0648 
F 1 1 4255.031 16.7710 0.0007 
V*F 1 1 1118.645 4.4091 0.0501 
D 1 1 47339.645 186.5866 <.0001 
V*D 1 1 782.101 3.0826 0.0961 
F*D 1 1 4569.680 18.0111 0.0005 
 
Figure 4.7 Temperature model including cutting parameters, tools and interactions 
 61
Tool 
Leverage Plot 
150
200
250
300
350
400
T2
 L
ev
er
ag
e 
R
es
id
ua
ls
210 220 230 240 250 260 270 280
Tool Leverage, P<.0001
 
 
Least Squares Means Table 
Level Least Sq Mean Std Error Mean
1 224.32500 5.6315410 224.325
2 278.32500 5.6315410 278.325
3 225.72500 5.6315410 225.725
4 213.65000 5.6315410 213.650
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150
250
350
T2
150
250
350
T2
150
250
350
T2
150
250
350
T2
150
250
350
T2
Tool
-11
-11
-11
-1
1
1 2 3 4
1
2
34
V*F*D
-11
-11
-1
1
-1 -0.5 0 .5 1
1
2
34
-1
V
-11
-1
1
-1 -0.5 0 .5 1
1
2
34
-1
-1
F
-1
1
-1 -0.5 0 .5 1
1
2
34
-1
-1
-1
1
D
-1 -0.5 0 .5 1
Tool
V
*F*D
V
F
D
 
Figure 4.7 Continued 
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Summary of Fit 
RSquare 0.716923
RSquare Adj 0.534945
Root Mean Square Error 28.50162
Mean of Response 159.2117
Observations (or Sum Wgts) 24
 
Analysis of Variance 
 
 
 
 
 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>|t|
Intercept 159.21167 5.817869 27.37 <.0001
V 16.7775 5.817869 2.88 0.0120
F -24.7825 5.817869 -4.26 0.0008
V*F -0.961667 5.817869 -0.17 0.8711
D -8.903333 5.817869 -1.53 0.1482
V*D -5.3625 5.817869 -0.92 0.3723
F*D -4.020833 5.817869 -0.69 0.5008
V*F*D -12.33167 5.817869 -2.12 0.0524
V*F*D*Tool[1] -0.334583 8.22771 -0.04 0.9681
V*F*D*Tool[3] -6.222083 8.22771 -0.76 0.4620
 
Figure 4.8 Roughness model including cutting parameters, Tool 2 excluded. 
Source DF Sum of Squares Mean Square F Ratio
Model 9 28802.796 3200.31 3.9396
Error 14 11372.794 812.34 Prob > F
C. Total 23 40175.591 0.0110
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Effect Tests 
Source Nparm DF Sum of Squares Mean Square F Ratio Prob > F
V 1 1 6755.628 6755.63 8.3162 0.0120
F 1 1 14740.135 14740.14 18.1452 0.0008
V*F 1 1 22.195 22.20 0.0273 0.8711
D 1 1 1902.464 1902.46 2.3419 0.1482
V*D 1 1 690.154 690.15 0.8496 0.3723
F*D 1 1 388.010 388.01 0.4776 0.5008
V*F*D 1 1 3649.680 3649.68 4.4928 0.0524
V*F*D*Tool 2 2 654.529 327.26 0.4029 0.6759
 
Figure 4.8 Continued 
 
It is concluded that data still suggests the presence of the three-factor interaction, even 
though it is not conclusively significant. Since the tool effect is not significant and three-
factor interaction is present, reduced models in Figure 4.9 and 4.10 are fit, including all 
the possible combinations of cutting parameters. Figure 4.11. presents the predicted 
roughness and temperature values obtained from the models in Figures 4.9 and 4.10.  
The values on upper part of the boxes in the cube plot present the predicted roughness 
values and the lower part present the predicted temperature values, averaging across 
tools.  
As seen from the cube plot in Figure 4.11, the increase in cutting speed causes a rougher 
surface, whereas increases in depth of cut and feed rates create a smoother surface.  
Also the three-factor (V*F*D) interaction is present. As you can see from the interaction 
plots, the effect of depth of cut on predicted roughness depends on both the levels of F 
and V.  
The visual representation of the three-way interaction between those three factors is given 
in Figure 4.12. This new model is presented in following Figure 4.9.The model has an R2 
value of 63% and the model itself is significant with a p value of <.0006. 
 64
Response AVG.Y 
Actual by Predicted Plot 
100
150
200
250
A
V
G
.Y
 A
ct
ua
l
100 150 200 250
AVG.Y Predicted P=0.0006 RSq=0.62
RMSE=30.053  
 
 
Summary of Fit 
Rsquare 0.624892
RSquare Adj 0.515486
Root Mean Square Error 30.05313
Mean of Response 162.4403
Observations (or Sum Wgts) 32
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio
Model 7 36110.996 5158.71 5.7117
Error 24 21676.578 903.19 Prob > F
C. Total 31 57787.574 0.0006
 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>|t|
Intercept 162.44031 5.312693 30.58 <.0001
V 14.919062 5.312693 2.81 0.0097
F -19.35156 5.312693 -3.64 0.0013
V*F 0.0946875 5.312693 0.02 0.9859
D -13.25594 5.312693 -2.50 0.0199
V*D -5.765938 5.312693 -1.09 0.2886
F*D -9.281563 5.312693 -1.75 0.0934
V*F*D -15.37156 5.312693 -2.89 0.0080
 
Figure 4.9 Reduced model of average roughness 
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Effect Tests 
Source Nparm DF Sum of Squares F Ratio Prob > F 
V 1 1 7122.510 7.8859 0.0097 
F 1 1 11983.455 13.2679 0.0013 
V*F 1 1 0.287 0.0003 0.9859 
D 1 1 5623.036 6.2257 0.0199 
V*D 1 1 1063.873 1.1779 0.2886 
F*D 1 1 2756.717 3.0522 0.0934 
V*F*D 1 1 7561.118 8.3716 0.0080 
Figure 4.9 Continued 
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Parameter Estimates 
Term Estimate Std Error t Ratio Prob>|t|
Intercept 235.50625 6.588628 35.74 <.0001
V 5.5375 6.588628 0.84 0.4089
F 11.53125 6.588628 1.75 0.0929
V*F -5.9125 6.588628 -0.90 0.3784
D 38.4625 6.588628 5.84 <.0001
V*D -4.94375 6.588628 -0.75 0.4603
F*D 11.95 6.588628 1.81 0.0822
V*F*D 1.79375 6.588628 0.27 0.7878
 
 
Effect Tests 
Source Nparm DF Sum of Squares F Ratio Prob > F 
V 1 1 981.245 0.7064 0.4089 
F 1 1 4255.031 3.0631 0.0929 
V*F 1 1 1118.645 0.8053 0.3784 
D 1 1 47339.645 34.0789 <.0001 
V*D 1 1 782.101 0.5630 0.4603 
F*D 1 1 4569.680 3.2896 0.0822 
V*F*D 1 1 102.961 0.0741 0.7878 
 
 
Figure 4.10 Reduced model of tool temperature 
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Figure 4.11. Predicted roughness and temperature values from models in Figure 4.9 
and 4.10 
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Figure 4.12 Plots of three-factor interaction between V, F, D 
 
 
As one might remember our plan in this study is to include temperature as a covariate 
into our analysis. After analyzing the experiment presented in Figure 4.9, residuals of 
predicted model were plotted against temperature as presented in Figure 4.13. 
The residuals versus tool temperature plot in Figure 4.13 does not suggest any kind of 
relationship between the surface roughness values and the temperature values. 
Also a separate average roughness model (Figure 4.14) is fit in order to test the effect of 
tool temperature on average roughness. In this model T2 stands for tool temperature 
As one can see the results obtained from analysis (Figure 4.14) does not suggest any 
relationship between roughness and tool temperature. However this did allow exploration 
of the relationship between depth of cut and tool temperature. The correlation estimate 
between the two is -.766, which suggest a high level of correlation. The analysis in Figure 
4.14 and results in multicollinearity table shows that if one of these terms is in the model, 
the other one is not needed. 
In our model (Figure 4.9) all three of the main effects V, F, D, the tool effect and the 
three-factor interaction (V*F*D) turn out to be significant.  
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Residuals versus Temperature of the tool 
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Figure 4.13 Residuals of average roughness by temperature 
 70
Response AVG.Y 
100
150
200
250
A
V
G
.Y
 A
ct
ua
l
100 150 200 250
AVG.Y Predicted P=0.0014 RSq=0.63
RMSE=30.678
 
 
 
Summary of Fit 
Rsquare 0.625407
RSquare Adj 0.495114
Root Mean Square Error 30.67843
Mean of Response 162.4403
Observations (or Sum Wgts) 32
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio
Model 8 36140.757 4517.59 4.8000
Error 23 21646.817 941.17 Prob > F
C. Total 31 57787.574 0.0014
 
Effect Tests 
Source Nparm DF Sum of Squares F Ratio Prob > F 
V 1 1 6766.264 7.1892 0.0133 
F 1 1 11008.891 11.6971 0.0023 
V*F 1 1 2.280 0.0024 0.9612 
D 1 1 2743.952 2.9155 0.1012 
V*D 1 1 986.912 1.0486 0.3165 
F*D 1 1 2614.519 2.7780 0.1091 
V*F*D 1 1 7590.492 8.0650 0.0093 
T2 1 1 29.761 0.0316 0.8604 
Figure 4.14 Roughness model with a tool temperature effect. 
 71
 
Correlation of Estimates 
Correlation Intercept V F V*F D V*D F*D V*F*D T2
Intercept 1.0000 0.1675 0.3333 -0.179 0.7589 -0.15 0.3440 0.0550 -0.991
V 0.1675 1.0000 0.0569 -0.03 0.1295 -0.026 0.0587 0.0094 -0.169
F 0.3333 0.0569 1.0000 -0.061 0.2577 -0.051 0.1168 0.0187 -0.336
V*F -0.179 -0.03 -0.061 1.0000 -0.138 0.0273 -0.063 -0.01 0.1802
D 0.7589 0.1295 0.2577 -0.138 1.0000 -0.116 0.2660 0.0425 -0.766
V*D -0.15 -0.026 -0.051 0.0273 -0.116 1.0000 -0.053 -0.008 0.1514
F*D 0.3440 0.0587 0.1168 -0.063 0.2660 -0.053 1.0000 0.0193 -0.347
V*F*D 0.0550 0.0094 0.0187 -0.01 0.0425 -0.008 0.0193 1.0000 -0.055
T2 -0.991 -0.169 -0.336 0.1802 -0.766 0.1514 -0.347 -0.055 1.0000
 
Figure 4.14 Continued 
 
The F*D interaction is also close to being significant and has a negative parameter 
estimate. Regarding the F*D interaction; for the high level of feed rate, the increase in 
surface roughness would be 13.2µ” and for the high level of depth of cut the increase in 
surface roughness will be around 19.3µ”. For the main effects, cutting speed has a 
positive parameter estimate where feed rate and depth of cut both have the negative 
estimates. 
4.3 Discussion of the Results from Second Experiment 
Recall that in the model in Figure 4.9, the parameter estimate for V is positive, while F 
and D have negative coefficients. Based on these parameter estimates, the high level for 
V increases surface roughness while high levels of F and D decrease surface roughness. 
These results are completely different from what has been reported in the literature on 
milling operations.  
As one can remember in Chapter 2, most of the literature review is based on effect of 
cutting factors that cause tool wear and temperature increase, which also speeds up the 
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wear mechanism. Alauddin in 1995, and 1996 concluded that an increase in either the 
feed or axial depth of cut increases the surface roughness, while an increase in the cutting 
speed decreases the surface roughness. Both of his studies are performed on end mills. 
Chao, etc. (1995), and Lin (2002) concluded that the increase in feed rate and axial depth 
of cut increases surface roughness.  
Even though the tools were brand new and identical at the beginning of the experiment, 
during the experiment each of them were influenced by different cutting conditions. The 
presence of variation during cutting may influence the cutters in negative ways reducing 
their useful lifetime. Throughout the experiment, odd and even numbered tools were 
grouped to use same tool holders. So switching from one tool to another requires a tool 
holder change. Even though the same operator performs this operation, there still may be 
issues with the repeatability of the procedure and the conditions in tightening the tools in 
their holders. Having discussed the possibility of variation in machining, keep in mind 
that throughout the experimentation the same set of tools are matched with same tool 
holders.  
The results and conclusions of the study, along with recommendations for further 
research, are included in Chapter 5. 
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CHAPTER 5 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
5.1 Introduction 
The emphasis of this work is to investigate the impact of the cutting parameters on 
surface finish, while considering the effect of temperature of the cutters and the 
workpiece and the amount of the wear on the cutting tools.  
The work that was completed throughout this study could be grouped under several main 
points. Following the determination of the problem to be studied, the objective of this 
study is set which is to find out the impact of cutting parameters that give the best surface 
roughness values in short term while cutting tools are in their newest condition, and then 
with systematically wearing of the same tools in the longer term, we will compare and 
conclude the cutting parameter levels in short and long terms of use, considering 
cumulative cutting time and temperature of the tool. Later, to accomplish the objective of 
this study, an appropriate experiment after discussions with the members of the 
committee was designed. After procurement of the material, tooling, and the necessary 
measurement equipment, the first step of the experiment was run. The outcome of the 
first step of the experimentation was quite different from what was expected. The results 
are inconclusive in terms of the statistically significance of the main effects. Necessary 
investigations on certain areas that were considered to cause different results were 
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investigated thoroughly and the analyses were presented in Chapter 3. In brief, direction 
of the surface roughness measurement makes a difference and with the levels used none 
of the cutting parameters turned out to be statistically significant based on the model fit in 
Appendix 1.2. Having obtained different results from the previous work in the same field 
and having investigated the impact of the measurement direction on surface roughness, 
the focus of second experiment was developed. The second experiment focused more on 
investigating the impact of cutting parameters on surface roughness along with the effect 
of temperature and cumulative wear. Considering none of the main effects for cutting 
parameters turned out to be significant in first experiment, new settings for cutting 
parameters are determined. After carefully interpreting the results of the investigation for 
the first experiment a new template was formed in order to minimize the effect of 
measurement direction on surface roughness. As a result of the second experiment, the 
main effects of cutting parameters were statistically significant, which can also be seen in 
Figure 4.9. On the other hand, the manner cutting parameters impact surface roughness is 
unexpectedly different when compared to the pervious work being done in this field. The 
previous work suggests that the increase in cutting speed decreases the surface roughness 
value, whereas increase in feed rate and depth of cut expected to increase the surface 
roughness, which turned out to be the opposite in this work. 
Having briefly summarized what was done throughout this study, there are several 
conclusions that can be drawn based on the experimental data and the analysis.  
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5.2 Conclusions 
• Direction of measurement makes difference 
The type of measurement equipment used in the experiment is a needle based surface 
analyzer that travels on the surface of the workpiece with full contact. It was determined 
that the feed direction of the needle probe on the workpiece surface had an impact on 
roughness readings.  In the experiment one, out of 24 cases 17 of them presented that 
changing the direction of surface measurement resulted in affecting the surface roughness 
values. Having kept this result in mind, in the second experiment the number of 
measurements taken in each direction is balanced but there is still direction of 
measurement effect present, which can be seen on Figure 4.2. 
? There are differences observed among tools 
Even though the experiment started with identical tools, through the end of the second 
experiment, a great amount of wear was observed on Tool#2. Recall that the temperature 
model including cutting parameters and their interaction with tool in Figure 4.7 suggests 
that there is a significant difference among tools. On the other hand, tools 2 and 4 that 
observed same cutting conditions experienced different temperature levels throughout the 
second experiment. Table 5.1 presents the temperature values for both Tool#2, and 
Tool#4 with their averages. As one can see from Table 5.1 the average temperature 
measurements for Tool#2 are greater than Tool#4, which was run with the same 
treatment combinations. In this case, having all the tools the same at the beginning of 
experiment, one can conclude that due to an increasing wear on the tool both the friction 
and temperature increases. 
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Table 5.1 Temperature values of the Tool #2, 4 in second experiment 
  Tool #2 Tool #4 
1 218.9 191.8 
2 286 226.5 
3 205 172.8 
4 283.2 295.1 
5 360.2 184.3 
6 265 157.8 
7 305.4 270.2 
8 302.9 210.7 
Average 278.325 213.65 
? Temperature increase does not suggest an increase in surface roughness 
Even though cumulative wear on the tools increased through out both of the experiments 
along with temperature increasing as well, this did not resulted in an increase on the 
surface roughness values. As shown in the pictures of the Tool#2 in Figure 5.1 due to an 
increasing wear the temperature of the tool increases as well. In the literature, it has been 
suggested that with the increase in temperature and the wear on the tool, the surface 
roughness should increase. However, in this study the increase in temperature and the 
wear did not increase the surface roughness value. The increase in temperature and wear 
on the tool caused friction during cutting to increase. The increased friction during 
cutting caused the tool to rub on the workpiece surface more and ended up increasing the 
temperature as well. 
? The impact of cutting parameters on surface roughness are different than what has 
been suggested in the literature 
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Figure 5.1 Pictures of Tool #2 
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Previous work in the field of milling suggests that an increase in cutting speed will 
reduce the surface roughness, and an increase in feed rate and depth of cut will result in 
an increase in the surface roughness value. From the analysis of the second experiment, 
Figure 4.9, the experimenter found out that an increase in cutting speed will increase the 
surface roughness, and an increase in depth of cut and feed rate will reduce the surface 
roughness values. The experimenter would like to emphasize that the machine on which 
the experiment was run has limited horsepower, so an increase in cutting speed may not 
be actually applied on the workpiece because of the forces being created against the tool 
feed direction. This problem might have influenced the values that were measured. 
? The location where the measurement taken makes a difference 
For experiment number two, an unusually high surface roughness value for position #10 
was observed, which is the last position on the measurement template. In Figure 4.2, the 
temperature model including cutting parameters and tool effect, one can see the means 
table for the positions. There is a statistically significant difference between the surface 
means among positions (Figure 4.2.). One may think that it is due to the values for 
position #10 averaged around 186.8µ” , where other positions average values around 
160µ”. Also one should keep in mind that in Figure 4.2. contrast table shows there is a 
difference due to direction of the measurement taken. During machining the 60% of the 
part is located between the vice jaws and the remaining part of the workpiece was 
hanging off the vice. 
Therefore, the over-hanging portion of part may be subjected to increased vibration, 
resulting in the increased roughness readings as presented in Figure 5.2 
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Figure 5.2 Presentation of the workpiece between the vice jaws 
 
• The wear forms on tools took place in different manners 
Previous studies performed in cutting, which are mostly done on turning, suggest that the 
form of wear usually focuses on creater and flank. The wear forms throughout the study 
mainly focused around the lower rake face and the flank surface. The lower rake face is 
the point around the tip of the tool that enters the workpiece to a certain depth of cut. 
Even though most of the literature in cutting mainly discusses creater wear on the rake 
face, what happened in this study was wear land formation 0.1” from the tip of the tool. 
In Tool#2, Figure 5.1, in addition to rake face wear there is a great amount of wear on the 
flank surface of the tool, which is likely to be cause by excessive temperatures during 
cutting.  
This study was performed in an area in which few similar studies have been done. The 
results against which this research was compared were mainly milling operations that 
took place on multi-inserted tools. Also turning operation has been studied in most of the 
tool wear and roughness studies. 
Workpiece 
Vice Jaws 
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5.3 Recommendations 
One of the areas of focus for further study could be to perform a milling operation using 
inserted cutter and a standard cutter. A study this kind will enable experimenter to 
observe the differences between two different types of cutters. Currently, both of these 
cutter types are widely being used in industry. This kind of study will give chance people 
from industry to evaluate both types of cutter much better 
Another study that can be further performed on milling process could possibly be a work 
that studies the affects of different materials on the same types of cutters. Being able to 
use different materials in milling can be informative about the behaviors of the cutters 
and differences in ideal cutting parameters across different materials. Aluminum and 
composite materials can be candidates of material for the next study.  Because of their 
different structures cutting parameters might have different effects on surface roughness. 
On the other hand, different materials have their unique behaviors during milling 
operations. 
Another study can be performed on a milling operation with multi responses, where 
additional surface roughness measurement can be added as another response value. As 
presented in proposed template in Figure 5.3, additional response (surface roughness) 
value could be the surface roughness measurement at a point that is normal to the cutting 
path. Having two measurements at the same point with 90o angle, will enable the 
experimenter to evaluate the surface roughness better in two-axis rather than one.  
Another multi response experiment could consider wear land measurement as the 
additional response value. 
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Figure 5.3 Proposed surface measurement template 
 
The wear land size at the rake face of the tool can be measured with a tool maker’s 
microscope or an optical comparator to form a second measurable indicator of tool wear. 
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Appendix 1.1 Data obtained from experiment  
 
    Factors   Temp.(F) Ra (readings) 
Run  Tool # V F D # of passes 1 2 1 2 3 4 5 6 7 8 9 10 11 12 
1 1 high low low 1 70.2 84.4 71.7 83.9 123 125.2 141.7 64.2 142 88.6 81.1 57.5 132 96.1
2 2 low high low 1 70.5 81.4 98.4 83.1 132 120.5 104 102 208 204.3 202.4 192 221.3 194.5
3 3 high high high 1 69.8 107 78 45.3 94 95.3 66.5 92.9 120 114.6 113.4 103.1 115 115.4
4 4 low low high 1 71.4 109 153.5 156 117 120.5 216 196.1 167 175.2 296 272 191.3 196.1
                    
    Factors   Temp.(F) Ra (readings) 
Run  Tool # V F D # of passes 1 2 1 2 3 4 5 6 7 8 9 10 11 12 
1 1 high low low 1 74.9 111 118.1 83.1 80 139 129.1 126 132 131.1 151.2 146.5 136.2 117.3
2 2 low high low 1 73.7 121 230 203.9 238 229.1 310 252 257 234.6 331 323 240.2 229.1
3 3 high high high 1 69.1 153 103.9 170 106 107.5 115 145.7 123 111.8 112.6 157.5 120.9 112.6
4 4 low low high 1 69.5 144 291 332 195 198.4 243 249 203 189 211 228 163.8 163 
                    
            Temp.(F) Ra (readings)  
Run  Tool # V F D # of passes 1 2 1 2 3 4 5 6 7 8 9 10 11 12 
5 1 low high high 1st  69.4 156 239 159.8 156.7 146.5 257 190.6 165.4 185.8 246.5 175 189.8 178 
     2nd 71.8 173 246 198 166.9 144.9 272 211 181.1 170.1 250 192 195 189 
     3rd  72 174 230 209 153 122 238 199.2 138.6 131.5 272 163.8 178.3 184.3
     4th  72.4 180 265 183 117.3 132.3 205 178 103.5 124.4 189.8 166.9 196.1 168.5
     5th  72.3 170 213 181 85 100.8 185 157 92.1 87 116.5 186 159.8 121.3
     6th  72.8 186 280 202 92.1 80.7 124.4 153.5 111.8 142.1 147.2 170 143.3 134.6
     7th  74.1 194 243 194 75.6 85.8 125.2 161 118.9 79.9 92.1 154 150.4 121.3
     8th  75.6 196 209 192.1 130.7 142.5 134.6 188.2 87 87 97.6 130.7 127.6 135.4
     9th  76.1 202 213 170 106.7 92.1 89 129.1 105.1 82.3 120.9 178 111.8 125.2
     10th  77.1 211 217 222 115.7 126.8 105.9 106.3 107.5 79.9 133.9 136.2 152.8 111 
     11th  75.9 222 206 205 89 126 68.5 113 95.7 103.5 89.8 117.3 85.4 96.9
          12th  77.4 210 233 222 100 97.6 92.1 79.5 113.4 85.8 103.9 145.7 125.2 99.2
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Appendix 1.1 Continued 
 
    Factors   Temp.(F) Ra (readings) 
Run  
Tool 
# V F D 
# of 
passes 1 2 1 2 3 4 5 6 7 8 9 10 11 12 
6 2 high low high 1st  69.5 143 370 364 239.4 259.1 457 413 228.3 215 437 353 183.5 185.8
     2nd 75.6 166 155.1 186 126 109.1 186.6 178.7 133.1 117.7 247 197.6 98.8 89 
     3rd  76 182 300.8 224 169 149.6 243 186.6 196.9 162.2 257 247 244 222.8
     4th  76.7 188 173.2 170.9 139.4 166.9 172.4 205 181 244 246 231 107.9 181.1
     5th  77 179 269.3 139.4 240.2 252 206 258 243.3 221.3 232.2 167.7 129.9 150.4
     6th  77.2 194 181 215.7 191.5 152.8 163 169 232.3 119.7 187.4 144.1 209.4 146.5
     7th  77.3 207 225.2 159.8 165.4 154.3 211 161.4 212.6 196.1 117.3 294 163.8 243
     8th  78.2 210 206.3 186.6 189 155.1 143.3 220 183.5 208.7 126 166.9 188.2 117
     9th  78.2 203 200 172 242.5 138.2 189 191 218.9 239 160.6 186.5 115 44.9
     10th  78.6 222 218.1 213.4 270.1 118.1 144.1 205 196.1 216 148 192.9 98.4 144.9
     11th  78.1 204 140.2 116.5 194.5 182.7 211.8 241 139.4 152 119.7 203.1 108.7 51.2
          12th  77.7 233 187.4 233 189 188.2 197.6 187 144.9 224.4 185 187 168.5 116.1
7 3 low low low 1st  71.8 116 139.4 166.7 98.4 99.6 135.4 156.7 107.5 114.6 178 161.4 136.2 124
     2nd 74.8 119 115.7 149.6 117.3 129.5 102 153.5 117.3 133.9 109.8 153.5 144.9 138.6
     3rd  75.7 123 140.9 177.2 185.8 179.7 168.5 163.8 186.6 192.9 150.4 142.5 179.1 198.4
     4th  77.1 130 141.7 176.4 152.8 171.7 143.3 181.9 150.8 178.7 151.2 191 158.3 131.1
     5th  78.7 129 183.5 176.4 109.4 137.8 224 192 115.4 114.6 190.6 225 137.8 140.6
     6th  79.3 133 182.7 203 87 105.5 206.3 214 94.1 97.6 178.3 185 115.7 104.3
     7th  78.7 135 224.4 240.2 91.7 111.8 193.7 2207 117.7 104.7 178 191.3 107.9 118.5
     8th  78.6 142 223.6 184.3 87.8 116.9 216.5 231 91.7 78.7 194.5 231 105.5 120.9
     9th  79.8 140 164.6 191.3 106.3 80.7 225.2 210.2 102 108.3 195.3 213 128.3 181
     10th  79.9 145 187 181 101.6 116.5 170.1 203 139.4 102.4 234.6 205.5 104.3 102.4
     11th  80.2 143 137 143.4 90.2 91.3 108.7 145.7 86.6 219.7 114.2 175 107.5 107.9
          12th  80.1 147 148 131.5 138.2 106.7 122 144.1 152.8 147.2 293.7 254 123.6 126
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Appendix 1.1 Continued 
 
    Factors   Temp.(F) Ra (readings) 
Run  Tool # V F D # of passes 1 2 1 2 3 4 5 6 7 8 9 10 11 12 
8 4 high high low 1st  68.5 133 244.1 202 145.7 152.8 270.1 251.2 127.9 137.8 246.5 235 141.7 124.4
     2nd 71.5 137 255.1 252 98.4 99.2 189.8 150.4 103.5 89 177.2 134.6 119.7 123.6
     3rd  73.2 141 164.6 148 85.8 67.3 139.4 126.4 137.4 85 214 122 94.5 114.2
     4th  75.1 145 146.5 166.9 105.1 69.3 148.8 122 85.8 90.6 159.1 145.7 99.6 103.9
     5th  75.5 148 158.7 126 99.2 78.7 175.6 133.1 113 126 163.9 133.9 113.4 103.9
     6th  77.1 156 221.3 181 160.6 189 267.7 209 141.7 103.1 165.4 192.1 173.6 150.4
     7th  77.7 155 222 224 146.5 169.3 196.1 152 87.8 119.3 185.8 167.7 127.2 112.6
     8th  78.3 160 233 196.1 235 141.7 192.1 174.8 168.5 116.5 194.5 178 162.2 107.9
     9th  78.4 166 188.2 155.9 248 198.4 233.1 141.3 65.7 109.4 154.3 183 148.8 183.5
     10th  78.2 172 183.5 151.2 148.4 168.9 157.9 173.2 180.3 141.7 133.9 230 125.2 109.8
     11th  78.5 166 172.4 146.5 194.5 200.8 188.2 133.9 159.1 123.2 176.4 146.5 165.7 144.1
          12th  79.3 173 218.1 142 233.5 171.3 203 161 111.4 158.7 150.8 175 140.2 151.2
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Appendix 1.2 Fitted model for the first experiment response is Ra averages 
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Ra averages Predicted P=0.5691
RSq=0.37 RMSE=48.913
 
 
RSquare 0.365247
RSquare Adj -0.11082
Root Mean Square Error 48.91265
Mean of Response 172.7068
Observations (or Sum Wgts) 8
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio
Model 3 5506.605 1835.54 0.7672
Error 4 9569.789 2392.45 Prob > F
C. Total 7 15076.394 0.5691
 
Parameter Estimates 
Term   Estimate Std Error t Ratio Prob>|t| 
Intercept  172.70679 17.29323 9.99 0.0006 
V(cutting speed)  -26.04928 17.29323 -1.51 0.2065 
F(feed speed)  -0.700718 17.29323 -0.04 0.9696 
D(depth of cut)  -3.044594 17.29323 -0.18 0.8688 
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Appendix 1.3 Fitted model for the first experiment response is Ra averages, temperature 
effect is also included 
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RSq=0.40 RMSE=54.829
 
 
    
RSquare 0.401808 
RSquare Adj -0.39578 
Root Mean Square Error 54.82874 
Mean of Response 172.7068 
Observations (or Sum Wgts) 8 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 4 6057.821 1514.46 0.5038 
Error 3 9018.573 3006.19 Prob > F 
C. Total 7 15076.394  0.7415 
 
Parameter Estimates 
Term   Estimate Std Error t Ratio Prob>|t| 
Intercept  61.828246 259.6622 0.24 0.8271 
V(cutting speed)  -30.97972 22.54662 -1.37 0.2631 
F(feed speed)  -8.608448 26.77328 -0.32 0.7689 
D(depth of cut)  -11.78076 28.14262 -0.42 0.7037 
Temp.averages  0.818804 1.912174 0.43 0.6974 
 
Effect Tests 
Source Nparm DF Sum of Squares F Ratio Prob > F   
V(cutting speed) 1 1 5675.5583 1.8880 0.2631  
F(feed speed) 1 1 310.7871 0.1034 0.7689  
D(depth of cut) 1 1 526.7859 0.1752 0.7037  
Temp.averages 1 1 551.2156 0.1834 0.6974  
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Appendix 2.1 Data obtained from second experiment 
 
 
Tool 
# 
V 
(cutting 
speed) 
F 
(feed 
rate) 
D 
(depth 
of cut) Temp.T1 Temp.T2
Part 
Temp. Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8 Y9 Y10 
cum 
cutting 
time 
600 9 0.04 81.9 184.1 102.1 114.6 126.8 136.2 149.6 132.3 156.7 125.2 134.6 122 133.1 158.33
600 4 0.1 84.5 242.3 115.8 156.7 181.9 178.7 166.9 137.8 211 159.8 170.1 140.2 176.4 165.83
1000 4 0.04 85.2 190.8 112.1 202.4 222.8 218.9 245.7 208.7 240.2 217.3 235.4 194.5 243 173.33
1000 9 0.1 86.6 250.3 116 84.3 123.6 141.7 134.6 107.1 155.1 147.2 137.8 133.1 161.4 176.67
600 4 0.04 86.1 160.1 104.6 166.9 180.3 191.3 166.9 185 145.7 180.3 208 198.4 268 184.17
1000 4 0.1 85.7 251.9 120.6 204.7 237.8 189.8 231.5 178.7 246.5 260 233 173.2 235 191.67
1000 9 0.04 88.6 205 111 197 139.4 122.8 170.1 159.8 188.2 153.5 202.4 162.2 229.9 195
1 
600 9 0.1 87.4 310.1 124.1 144.9 159.8 174 189 151.2 213.4 216.5 143.3 203.9 176.4 198.33
1000 9 0.04 80.5 218.9 108.6 181.9 157.5 196.1 307.9 321 310 259.8 249 312 350 206.66
600 9 0.1 84 286 119.3 130.7 140.2 134.6 154.3 109.4 169 127.6 130.7 113 156 210
600 4 0.04 86 205 114.3 177.2 206.3 168.5 185.8 183.5 172.4 200 185 178 222 217.5
1000 4 0.1 85 283.2 131.8 236.2 219.2 198 235.4 189 203.9 112.6 141.7 172.4 266.9 225
1000 9 0.1 86.9 360.2 138.3 162.2 77.2 115 89 79.1 96.1 88.6 85.8 87.4 107.9 228.33
600 9 0.04 89 265 123.8 187.4 203.1 192 227 170 156.7 192 170 135.6 129.9 231.66
2 
600 4 0.1 86.7 305.4 139.9 129.9 143.3 116.5 161.4 132.3 142.5 198 200 129.9 149.6 239.16
 1000 4 0.04 91.3 302.9 136.4 192.1 222 61.4 110.2 175 152.8 163 218.9 123.6 231 246.66
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Appendix 2.1 Continued 
 
 
Tool 
# 
V 
(cutting 
speed) 
F 
(feed 
rate) 
D 
(depth 
of cut) Temp.T1 Temp.T2
Part 
Temp. Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8 Y9 Y10 
cum 
cutting 
time 
600 9 0.04 77.2 168.5 93.6 95.7 97.6 89.8 89 81.1 87 113.4 116.5 105.1 86.6 206.66
600 4 0.1 80 224.7 113.7 144.8 68.9 117.3 51.2 96.1 92.5 144.5 104.7 118.5 156.7 214.16
1000 9 0.1 82.3 295 116.9 92.9 151.2 120.9 119.7 89 96.1 86.8 70.1 74 165.4 217.5
1000 4 0.04 84.2 184.6 102.1 218.9 235 192.1 204.7 161.4 203.9 200 277 168.5 225 225
600 9 0.1 82.3 312.7 137.1 108.3 94.1 142.5 98.4 127.6 82.7 102.4 103.1 106.7 92.9 228.33
1000 4 0.1 86.3 259.2 123.4 197 244 183.5 230 171.7 208 168.5 202 139 200 235.83
1000 9 0.04 86.5 181.9 111.1 174 150.4 190.6 207.1 164 233.1 241 207.1 196.9 290.6 239.16
3 
600 4 0.04 85.1 179.2 110.1 136.2 163 145.7 184.3 161.4 175.6 180 128.3 194.5 167.7 246.66
1000 9 0.04 79.5 191.8 95.2 147.2 193.7 137.8 137.8 119.7 199.2 249 125.2 120.5 215.7 158.33
1000 4 0.1 82.2 226.5 109.3 164.6 144.9 200 189.8 243.3 232.3 183 180.3 218.1 224.4 165.83
600 4 0.04 84.7 172.8 100.8 161.4 170.9 199.2 185.8 192.9 178 160.6 159.8 189 218.1 173.33
600 9 0.1 83.8 295.1 115.1 106.3 91.3 96.9 65.7 97.6 71.7 78.3 90.6 86.2 85.8 176.67
1000 4 0.04 85 184.3 113.7 198 211 167 132 146 154 134 180 187 165 184.17
600 9 0.04 85.7 157.8 104.2 115 100 146 118.1 141.7 90.6 105.9 80.7 129.9 94.5 187.5
1000 9 0.1 84.3 270.2 113.5 127.6 104.7 124.4 144.5 116.1 126.8 104.7 92.9 124.4 130.7 190.83
4 
600 4 0.1 86.9 210.7 114.6 155.9 157.5 139.4 211 217.3 191.3 192.1 193.7 207.1 192.1 198.33
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